INTRODUCTION
As mentioned in the first part of this series of papers /I /, the modeling procedure for knitted fabric an inelastic/nonlinear analysis and a strength prediction are required, most these models are not applicable. To address the latter problems, we need to employ a more powerful model, the bridging micromechanics model, which is summarized in the present Section 3.
Furthermore, the stress-strain relationship of an elastomeric or rubber-like composite is essentially different from that of a rigid or elastic-plastic composite, the analysis of which requires a special A flow chart to show analysis procedure for a knitted fabric composite treatment on the elastomer matrix response. This is because the rubber-elasticity is essentially caused by the matrix characteristics. In the present work, the rubber elasticity of an elastomer matrix material is described using a simple incremental theory. This theory is summarized in Section 4. The last step of analysis is to assemble the contributions of all the UD composites to obtain the overall property of the knitted fabric composite. Two assemblage schemes, i.e., the schemes based on iso-stress (commonly called the Reuss model) and iso-strain (known as the Voigt model) assumptions, are generally adopted. These two schemes, applied to knitted fabric composites and combined with the Bridging Model, will be described in Section 5.
It may be noted that the aforementioned three-step analysis procedure is related only with a composite lamina reinforced with a single layer knitted fabric preform. When the composite is constructed by using multilayers of knitted fabric reinforcement, an additional laminate analysis is required. The laminate analysis will be used to determine the load shared by each layer of knitted fabric lamina in the laminate. In this work, the laminate analysis is performed based on the classical lamination theory, which is summarized in Section 6. Numerical calculations for the stiffness, strength, rubber-elastic stress-strain relationship, as well as progress failure process of various knitted fabric composites will be presented in the last part of this series of papers. Moreover, the predictions of this model may be rather poor in some cases 15,61.
LITERATURE REVIEW

Prediction of Elastic Property (Stiffness)
More elegant analysis involves application of a micromechanics model, as mentioned previously. Using 3D (three-dimensional) micromechanical formulae to predict the overall elastic properties of knitted fabric composites has been carried out by a number of researchers in recent years. Since the micromechanics models adopted are standard and a general analysis procedure as shown in Fig. 1 
In equation (6) (5) and (6), used in equation (3), the fiber packing density, rather than the overall fiber volume fraction, must be employed. It is also noted that the three transverse constants are not all independent, but are related by
Gommer and his colleagues /4,8/ used strictly Voigt 191 or Reuss /10/ models to collect the contribution of each unidirectional lamina. Although their analysis process was described using warp knitted glass fiber fabric reinforced epoxy composites, the principle is equally applicable to weft knitted fabric composites as well. The fiber yarns in the RVE were divided into a series of straight segments which were considered as unidirectional laminae and which were analyzed using a micromechanical model. The remaining material in the RVE was the neat matrix. Applying the iso-strain (the Voigt averaging model) or the iso-stress (the Reuss averaging model) condition to all the yarn laminae and the pure matrix lamina (having a zero fiber volume fraction), the overall stiffness or compliance matrix of the composite was obtained. 
[5] 
where [S] is the compliance matrix of the yarn segment given by (6) . Similarly as in equations (3) It is noted that in all the above approaches, the yarns and the pure matrix in the RVE were treated separately.
After discretization, the yarn segments were considered as unidirectional laminae with a fiber volume fraction equal to the fiber packing density in the RVE. However, this fiber packing density was defined very differently, as it is difficult to measure accurately. Ruan are, respectively, the global stiffness and compliance matrices of the i" ,h unidirectional lamina, obtained using the same equations as those of (10) and (7). The only difference is that the unidirectional lamina considered herein has an invariant fiber volume fraction, which is equal to the overall fiber volume fraction of the RVE (composite).
Micromechanics Models
As aforementioned, the overall elastic properties of a knitted fabric composite depend on the knowledge of the local compliance matrix, equation (6) 
In the above, £/,, v{ 2 , and G/ 2 are longitudinal Young's modulus, Poisson's ratio, and shear modulus of the fiber material, whereas E( 2> V^, and G^ are the Tiber's transverse Young's modulus, Poisson's ratio and shear modulus which also satisfy relation (7).
Any of these models can be employed to calculate the composite effective elastic properties and further to define the local compliance matrix, equations (6) 
Strength Prediction
Two issues must be addressed in strength prediction of knitted fabric composites. One is the stress identification and another is the choice of a strength 
Progressive Failure Analysis of Multilayer Knitted Fabric Laminate
Hardly any other work on the progressive failure analysis of multilayer knitted fabric reinforced laminates has been found in the literature.
BRIDGING MICROMECHANICS MODEL
As mentioned in the preceding section, most existing micromechanics models are not able to predict the where {daj}={da u , do 22 , da 33 , da 23 , da, 3 , dO| 2 } T . This is because the stress transfer between the fiber and the matrix must be continuous as long as the composite does not fail. If, due to some external excitation, some stresses occur in the fiber, there must be some non-zero stress components generated in the matrix also, and vice versa (see Fig. 3 
Internal Stresses in the Constituents
Elastic Response
When both the fibers and the matrix are in elastic deformation, the elements of the bridging matrix, Eq. 
In the same way, we can define the instantaneous compliance matrix for the fibers if necessary, since isotropic hardening has already been assumed for the fibers.
In-plane Response
If the composite is only subjected to a planar load, as is generally seen for the knitted fabric composites, the stress states in the constituents are correlated through 
Strength Prediction
Under perfect bonding assumption which is generally made in micromechanics development /17/, the composite failure can be considered to occur as long as any constituent material attains its maximum stress state. In this way, the composite strength is simply 
Strength Formulae under Uniaxial Loads' 37 '
From equations (36.1) and (36.2), and supposing that the matrix is a bi-linearly elastic-plastic material, closed form strength formulae for UD composites under different uniaxial loads are obtained as follows. 
AN INCREMENTAL RUBBER ELASTICITY
THEORY
In the previous section, the bridging model was summarized to estimate the response of a UD composite consisting of two elastic-plastic materials. In reality, there is another type of materials, i.e. rubbers or elastomers, which are important for applications as well.
For example, most soft tissues, which are essentially composites, exhibit J-form or rubber-like stress-strain relationships /38/. When a knitted fabric is reinforced in an elastomer matrix, the resulting composite generally displays rubber-elastic deformation. In order to model the mechanical properties of such a composite, the stress-strain behavior of the elastomer matrix must be described properly. In practice, however, a finite term of series (truncated form) must be used. Of those available forms, two most successful and widely used models are the polynomial model and Ogden's model /39'42/, which respectively read ^(7,-3)'(7,-3)» i7ji\ (43) and (44) where Cy, μι<, and a k are material constants which must be determined by fitting the corresponding model to the experimental data and λj are the material principal stretches which relate to the principal strains through Xj=l+E|. When the polynomial order is equal to one, i.e. M= 1, the Mooney-Revlin model results, which is the most famous in rubber elasticity theory development. In Eq. (43), the first and the second strain invariants are Essentially, the rubber material is described using an incremental stress-strain relationship as In order to define the load-dependent Ε and v, an effective strain, e e , is introduced, which is defined as ε,=
where the total strains are just updated through ε^ c/fiy where clef's are obtained from (45) . If there are no residual strains, we have £^=0 at the initial load level.
Similarly, the current nominal total stresses are updated through σ,Γσ,+άσ,ί Now, we apply equations (45) and (46), and the incompressibility condition, i.e. ^λιλ 2 λ 3 si, to a testing stress-strain curve, such as the uniaxial tension.
We obtain
. 21
where the subscript u designates that the quantity is related with the uniaxial tension, and the superscripts n-1 and η refer to the previous and the current load levels respectively. Equation (49) shows that the Poisson's ratio decreases as the strain increases and can take a value of 0.5 only at the beginning of the deformation.
Therefore, the resulting compliance matrix of the rubber material is no longer singular. 
ASSEMBLAGE PROCEDURE
The mechanical properties obtained in Section 3 are of UD fibrous composites, with respect to their local coordinate system. These properties must be assembled together to determine the overall property of the knitted fabric composite, which is the topic of the present Section. As mentioned earlier (see, also, Fig. 2 ), we only need to investigate the mechanical property of a RVE for the composite.
We have seen that the overall stresses and strains of a UD composite are volume-averaged quantities, being the same at every point of the RVE (called iso-stresses and iso-strains). In other words, a composite theory is developed not on the micro-stress (true stress, which is generally different at a different point of the RVE) level, but on the macro-stress (averaged stress, which is constant at every point of the RVE) level. However, for the composite reinforced with a more complicated fibrous preform such as a knitted fabric, the iso-stress and iso-strain conditions generally cannot be fulfilled For the RVE of a plain weft knitted fabric composite shown in Fig. 2(c) , there are two yarns involved which cross over each other. In the first step, the yarns in the RVE are divided into a series of infinitesimal straightline segments. We choose to cut the RVE into subelements along the fabric wale direction (jc-direction).
Namely, each sub-element is formed by cutting the RVE with two parallel cross-sectional planes To advance further, we have to choose either iso-strain or iso-stress assumption. Suppose that the iso-strain assumption is adopted, i.e., the global strain increments in every sub-volume is the same or \de?t^{def},
then equations (56) become
Therefore, the overall stiffness matrix of the RVE (knitted fabric composite) is given by (59)
Noting that each sub-volume has the same crosssectional area and contains only one yarn segment, the volume fraction, V^,, can be replaced by the length fraction. In doing so, equations (59) become
where (Ν-1) is the total number of discretized segments of one yarn in the RVE, the superscripts /'" and 2" 
It should be noted that each sub-volume has the same bridging matrix [A,,] as well as [Ö,,] . This is because each sub-volume has the same fiber volume fraction, and because any property in the RVE is defined in an averaged manner.
Equations (60), (65), and (66) are the three basic formulae of iso-strain assemblage scheme for knitted fabric composites. On the other hand, by assuming that the overall stresses in the RVE are uniform, i.e.,
we can obtain the overall compliance matrix of the RVE from Eq. (57) as
The overall stiffness matrix of the composite is evaluated from Eq. (69) through inversion if required.
The internal stress increments shared by the fibers and the matrix are a little easier to obtain in the case of isostress approach, due to
= [T tj Y c X {άσ°} = [Tjj {da? }.
Thus, the stress increments in the fiber and matrix phases of a typical sub-volume are, respectively, Mlwwtv^},
After volume average, the stress increments in the fiber phase of the RVE read
where Ι^Ι-ΙΒ,,^ν^τ,χ 
Equations (75)-(77) serve as a basis for simulation of knitted fabric reinforced composites, and will be extensively employed in the subsequent paper.
LAMINATE STRESS ANALYSIS
The previous analysis procedure is applicable only to the composite reinforced with a single layer of knitted fabric structure. For convenience, such a composite is called a lamina. If the composite is made by stacking multilayers of knitted fabric laminae together, a knitted fabric laminate results, the analysis of which must be performed based on a laminate theory.
Let us adopt the classical lamination theory /46/. The purpose of the laminate analysis is to determine the load shared by each lamina in the laminate, so that the procedure described previously can be applied to the lamina.
A schematic diagram to show the steps of the laminate analysis is indicated in Fig. 7 . Several single layer resin impregnated knitted fabrics ( Fig. 7(a) ) are tacked together (Fig. 7(b) ) to make a laminate panel, as indicated in Fig. 7 Suppose that the laminate is subjected to any load condition and apply to the laminate an incremental solution strategy. Determination of the load shared by each lamina of the laminate in the global coordinate system ( Fig. 7(d) ) is the topic of the present Section. 
The coordinate transformation matrix [7] ,, is denoted in Eq. (53.1). Following Fig. 7(e) is the lamina analysis as depicted in Fig. 2 
Continued in this way, the ultimate strength of the laminate subjected to in-plane load can be determined when the last ply failure takes place.
CONCLUSION
Summarized in this paper are the modeling steps for single as well as multi layer knitted fabric composites.
Eventually, the composites were divided into a number of UD laminae to which the bridging model was applied. The model can estimate the composite properties in terms of the constituent fiber and matrix
properties. The matrix used can be an elastic-plastic material, for which the Prandtl-Reuss flow theory was applied to describe its constitutive relationship, or a rubber-elastic material, for which an incremental theory was used to represent its stress-strain response. The descritized UD laminae were assembled together based on the iso-stress, iso-strain, or the combined approach to determine the effective properties of the original knitted fabric composites. The laminate analysis was performed using the classical lamination theory. Numerical results of various knitted fabric composites obtained using the modeling procedure described in this paper will be summarized in the subsequent paper.
